Gametes rely heavily on posttranscriptional control for their differentiation. Translational control, alternative splicing, and alternative processing of the 3V end of mRNAs are all common during spermatogenesis. Tenr, which encodes a highly conserved 72-kDa protein, is expressed solely in germ cells of the testis from the mid-pachytene stage until the elongating spermatid stage. TENR contains a doublestranded RNA binding domain, is localized to the nucleus, and is phylogenetically related to a family of adenosine deaminases involved in RNA editing. We show here that targeted mutation of the Tenr gene causes male sterility. Tenr mutant males have a reduced sperm count, and Tenr À/À sperm show a decrease in motility and an increase in malformed heads. Despite their sterility, some epididymal sperm from Tenr mutants have normal morphology. The ability of Tenr mutant sperm to fertilize zona pellucida-free oocytes and to bind to, but not fertilize, zona pellucida-intact oocytes suggests that the normal-appearing sperm are not able to penetrate the zona pellucida. These data suggest that TENR plays an essential function in spermatid morphogenesis. D
Introduction
The differentiation of diploid spermatogonia into haploid spermatozoa is a complex process requiring elaborate transcriptional and posttranscriptional regulation. As much as 75% of the genome may be expressed at some point during spermatogenesis, and 4% of the genome is uniquely transcribed specifically in meiotic and haploid cells (Schultz et al., 2003) . Novel germ cell-specific transcription factors and altered forms of the general transcriptional machinery all contribute to the exceptionally high transcript complexity in the testis Kimmins et al., 2004) . Similarly, alternative spicing and translational control generate additional diversity and temporal control of protein synthesis, respectively (Braun, 2000; Kleene, 2003; Venables, 2002; Venables and Eperon, 1999) . Translational control is essential for spermatogenesis because de novo protein production is required for the terminal stages of differentiation, which occur after transcription has ceased (Kleene, 2001; Monesi, 1964) . Premature translation of even a single translationally controlled gene can cause sterility . Recent studies indicate that translational control is also important during meiosis, prior to transcriptional silencing (Tay and Richter, 2001) .
Spermatid differentiation involves transcriptional silencing, nuclear condensation, elaboration of an acrosome, and formation of a flagellum. Fully differentiated spermatids shed their cytoplasm, and mature spermatozoa are released into the lumen of the seminiferous tubule, where they are transported to the epididymis and undergo further maturation. Sperm are stored in the cauda epididymis, where they are immotile and incapable of interacting with oocytes (Wasserman and Florman, 1997) . They acquire the ability to fertilize eggs through the process of capacitation, which takes place during migration through the female reproductive tract (Harrison, 1996) . Capacitated sperm penetrate the cumulous oophorous, contact the zona pellucida of the oocyte, and undergo the acrosome reaction, during which the contents of the acrosome are released, allowing the sperm to penetrate the zona pellucida. Following penetration, sperm contact and fuse with the plasma membrane of the oocyte, which result in oocyte activation, pronuclear formation, and syngamy (Evans and Florman, 2002) .
TENR, a member of the double-stranded (ds) RNAbinding family of proteins, was originally identified in an expression screen for proteins that bound preferentially to the 3V untranslated region (3V UTR) of the protamine 1 (Prm1) mRNA (Schumacher et al., 1995) . TENR is a nuclear protein expressed in a wagon-wheel-like pattern in meiotic spermatocytes and early haploid spermatids. The Tenr gene is highly tissue specific, having never been found to be expressed outside of the testis. To determine if it is required for spermatogenesis, we disrupted the Tenr gene in mice and examined the consequences on spermatogenesis and male fertility.
Materials and methods

Construction of targeting vector
A 129Sv/J mouse genomic library in bacteriophage lambda was screened with a Tenr cDNA probe. A 15.5-kb clone was isolated, mapped, and used to construct a targeting vector. A 4-kb AatII-XhoI gene fragment of the Tenr genomic locus was cloned upstream of a promoterless lacZ/Pgk promoter-driven Neo cassette (Pgk-Neo). A 2-kb SalI-HindIII fragment of the Tenr genomic locus was cloned downstream of the cassette and upstream of a Pgk-promoterdriven diphtheria toxin (Pgk-Dta) gene. Homologous recombination of this targeting vector into the genomic Tenr locus resulted in deletion of a region that included 82 bp 5V of the Tenr transcription initiation site, the 5V untranslated region (UTR), and 35 bp 3V of the translation initiation site. The ES cell line AK7 was transfected by electroporation with 25 Ag of NotI-linearized targeting vector and plated onto mitomycin C-treated SNL cells in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 15% bovine fetal serum, glutamine, penicillin and streptomycin, and 0.1 mM h-mercaptoethanol (BME). After 24 h of growth in DMEM, transfected ES cells were selected for in DMEM supplemented with 300 Ag/ml G418. After an additional 10 days, ES cell colonies were isolated and treated with trypsin and EDTA to dissociate the cells. One-half of the cells were used for genotyping by PCR, and the other half was plated in 96-well plates. PCR was performed in a 50-Al reaction with 100 nM primers, 5 mM MgCl 2 , 1 mM dNTPs, and 5 U Taq polymerase. The primers used were 5VCAGAACAGCA-CTGGAATCCTCAGAG3V and 5VCCGCTATCAGG-ACATAGCGTTGGC3V. Cycling conditions were 958C for 3 min, 40 cycles of 958C for 45 s, 558C for 30 s, 728C for 4 min, and finally 728C for 5 min. Candidate clones were expanded and homologous recombination confirmed by Southern blot analysis. Extracted DNA was cut with HpaI, electrophoresed, and transferred to Hybond-N membrane (Amersham Biosciences) in 20Â SSC. The blots were probed with a 32 P-labeled probe generated from a 2-kb HindIII-HpaI fragment of the Tenr genomic clone, washed, and exposed to X-ray film.
Generation and genotyping of Tenr mutant mice
Five independent ES cell clones carrying the Tenr disruption were used to generate chimeric mice. ES cells were injected into C57BL/6J blastocysts and implanted into pseudo-pregnant recipient C57BL/6J females. Progeny male chimeric mice were crossed to female C57BL/6J mice to obtain Tenr +/À animals. Those chimeric males that transmitted the 129Sv/J genotype were crossed to 129Sv/J females to generate Tenr +/À animals in an isogenic background. Genotype analysis was performed on isolated genomic DNA by Southern blot as described above or by PCR using the primer pair 5VCCGCTATCAGGACATAGCQ GTTGGC3V and 5VCCCATGGCTACAAACAATCC3V to detect the recombined allele and the primer pair 5VTGACCQ GCTCTAGGTTGTCCT3V and 5VGGTCAGTCGCGTCTTQ TCAA3V to detect the wild-type locus. The cycling profile used was 1 cycle of 5 min at 958C, 40 cycles of 958C for 30 s, 578C for 30 s, 728C for 2 min, and 1 cycle of 728C for 7 min.
RNA isolation and Northern blot analysis
Total RNA was extracted from sexually mature mouse testes by homogenization in 1.5 ml guanidinium hydrochloride solution and precipitation overnight at 48C with 10 ml 4 M lithium acetate, followed by resuspension, phenol/ chloroform extraction, and ethanol precipitation (Cathala et al., 1983) . Alternatively, RNA was extracted from testes by homogenization in Triazol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Northern analysis was performed using 10 Ag of total RNA. The RNA was electrophoresed for 2.5 h at 100 V in a 15-cm 1.5% agarose formaldehyde gel and transferred to Hybond-N in 20Â SSC. The blots were probed with 32 P-labeled DNA fragments corresponding to Tenr cDNA or Prm1 cDNA and exposed to X-ray film.
In vivo and in vitro fertilization
For analysis of fertility after normal mating, males were housed with 129Sv/J females for 5 days or until a vaginal plug was noted, after which the female was replaced. At least four plugs were observed for each male, and the resulting litter sizes were recorded. In vitro fertilization was done according to Szczygiel et al. (2002) . Briefly, caudal epididymal sperm were isolated and capacitated for 90 min in T6 media (97.84 mM NaCl, 1.42 mM KCl, 0.36 mM Na 2 HPO 4 , 0.47 mM MgCl 2 , 25 mM NaHCO 3 , 1.78 mM CaCl 2 , 24.9 mM sodium lactate, 0.47 mM sodium pyruvate, 5.56 mM glucose, 0.4% BSA). Oocytes were isolated from superovulated 4-to 8-week-old B6D2F1 females and cumulus cells removed by treatment with hyaluronidase. In some experiments, brief treatment with acid Tyrodes was used to remove the zona pellucida (Hogan et al., 1994) . Approximately 5 Â 10 5 sperm were co-incubated with 10-20 oocytes in 200 Al T6 for 5 h at 378C in 5% CO 2 , washed five times with KSOM (95 mM NaCl, 2.5 mM KCl, 0.35 mM KH 2 PO 4 , 25 mM NaHCO 3 , 1.71 mM CaCl 2 , 0.01 mM EDTA, 1 mM l-glutamine, 10 mM sodium lactate, 0.2 mM sodium pyruvate, 5.56 mM glucose, 0.4% BSA, 1% essential amino acids, 0.5% nonessential amino acids) and cultured overnight at 378C in 5% CO 2 . Successful fertilization was scored as progression to two-cell embryos.
Statistical methods
Results were expressed as mean values F standard error. Significance of differences in fertilization and in sperm morphology was calculated using the t test analysis.
Sperm-oocyte binding
To determine whether Tenr À/À sperm were capable of binding to oocytes, sperm were isolated, capacitated, and incubated with oocytes as described above. After washing 10 times in M2 media (Sigma-Aldrich, St. Louis, MO), sperm and oocytes were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 10 min at room temperature. Binding was assessed using differential interference contrast microscopy at 400Â.
Sperm number, motility, and morphology
To obtain sperm counts, entire epididymides from sexually mature mice were minced in PBS and incubated for 60 min at 378C. Epididymal debris was removed by centrifugation at 100 Â g for 5 min. Sperm were counted using a hemocytometer. For assessment of sperm motility, sperm were recovered from excised cauda epididymides and allowed to capacitate for 90 min in T6 media at 378C, 5% CO 2 . Sperm were scored as motile if any movement was detected. The total number of sperm and the number that were motile were determined using a hemocytometer.
To assess sperm morphology, sperm were collected as above in PBS and fixed for 10 min at RT with 4% paraformaldehyde. Cells were then washed twice with PBS, resuspended with 80% glycerol, and mounted. Morphology was assessed using differential interference contrast microscopy at 600Â.
Histological analysis
Testes were fixed overnight in Bouins (71.4% ethanol, 23.8% 37-40% formaldehyde, 4.8% acetic acid), washed extensively with 95% ethanol, and embedded in paraffin.
Five-micron sections were cut and stained with hematoxylin and eosin for histological analysis. Immunocytochemistry was performed as previously described (Braun et al., 1989) . The antibodies used were anti-PRM2, (gift of A. Wyrobek), anti GAPD-S (gift of D. O'Brien), and anti-ODF2 (gift of F. van der Hoorn). Sections were deparaffinized with xylenes and rehydrated according to standard protocols. Tissue sections were treated with primary antibody overnight at 48C. Either biotinylated goat anti-rabbit or biotinylated goat anti-mouse IgG was used in conjunction with streptavidin conjugated to horseradish peroxidase as recommended by the manufacturer (Zymed Laboratories, San Francisco, CA). Peroxidase activity was visualized with the chromagen aminoethyl carbazole. Testis sections were counterstained with Mayer's hematoxylin. Prior to application of the anti-PRM2 antibody, the slides were boiled for 10 min in 0.1 M sodium citrate.
Analysis of basic nuclear proteins
Isolation and analysis of spermatid basic nuclear proteins were performed as previously described Platz et al., 1977) , except that the protease inhibitors used were 1 mM PMSF and 1 Ag/ml leupeptin, and the lysate was not filtered through cheesecloth. Spermatid basic proteins were dissolved in 8 M urea, 0.9 M acetic acid, 0.1 M BME, and protein concentration was determined by Bradford assay. Twenty micrograms of protein was separated in a polyacrylamide gel containing 15% acrylamide, 0.1% bisacrylamide, 0.9 M acetic acid, and 6.2 M urea. Proteins were stained with 0.2% napthol blue-black in 40% ethanol, 7% acetic acid, and destained in 40% ethanol, 7% acetic acid.
Results
Disruption of the Tenr gene
We disrupted the Tenr gene in 129Sv/J-derived ES cells by homologous recombination with a targeting vector consisting of a promoterless lacZ gene and Pgkdriven Neo r gene flanked by two regions of the Tenr genomic locus (Fig. 1A) . A region of genomic sequence containing 82 bp upstream of the transcription initiation site and ending 35 bases downstream of the translation initiation site was replaced by the promoterless lacZ and Pgk promoter-driven Neo r genes. After injection of ES cell into blastocysts, resulting chimeric males were mated to C57BL/6J and 129Sv/J females. Progeny were genotyped by Southern blotting of genomic DNA digested with HpaI (Fig. 1B) . Mouse lines derived from four independent ES cell clones exhibited germ line transmission, and two were chosen for further study. Northern analysis of testis RNA showed that targeted disruption of the Tenr locus resulted in decreased expression of Tenr RNA (Fig. 1C) .
Fertility of Tenr
À/À mice Both male and female Tenr +/À and Tenr À/À mice on C57BL/6J, 129Sv/J, or B6;129 genetic backgrounds were normal in physical appearance, weight, and health. To 
Abnormal spermatogenesis in Tenr À/À males
We examined spermatogenesis by histological analysis and found that Tenr homozygotes had spermatogonia, spermatocytes, and round, elongating, and elongated spermatids present in their seminiferous epithelium, suggesting that loss of Tenr function does not lead to a complete block in spermatogenesis ( Figs. 2A-D) . However, we did observe considerable retention of differentiated spermatids in seminiferous tubules of Tenr À/À mice compared to controls. Mature spermatozoa are normally released into the lumen of the seminiferous tubule at stage VIII, with few spermatozoa observed in stage IX tubules (Fig. 2B) . In Tenr À/À males, we frequently observed retained spermatozoa in stage IX tubules, suggesting that Tenr À/À sperm have a defect in the later steps of spermiogenesis (Fig. 2D) . While Tenr (Table 2) , consistent with what appeared were fewer sperm in histological sections of the epididymis (Figs. 2E and F), and with the observation of retained spermatozoa in stage IX tubules. Strikingly, the majority of epididymal sperm from the Tenr À/À mice were abnormal in appearance, with approximately 81% showing obvious morphological defects (Table 3 ). The most common defects were a blunted apical hook, having the flagellum wrapped around the sperm head, and sperm with a round head (Fig. 3) . We also found that the percentage of motile sperm was reduced relative to controls and that motility in sperm that were motile was sluggish (Table 2) .
To further evaluate the fertility of males, we performed in vitro fertilization assays by incubating capacitated sperm from Tenr +/+ and Tenr À/À mice with oocytes collected from superovulated B6D2F1 females. We found that 21.9% (23/ 105) of eggs with an intact zona pellucida incubated with sperm from wild-type males were fertilized (Table 4 ). In contrast, only 2.6% (14/234) of oocytes incubated with (D) Wrapped sperm. Sperm were examined using differential interference contrast microscopy. Magnification was 600Â.
sperm from Tenr À/À males were fertilized. Capacitated sperm from Tenr À/À mice were able to bind to oocytes, but the number of sperm bound was reduced compared to wildtype sperm (Fig. 4) . To determine whether the failure of sperm from Tenr À/À males to fertilize was due to an inability to penetrate the zona pellucida, we performed in vitro fertilizations with sperm from Tenr +/+ and Tenr À/À males and oocytes treated with acid Tyrodes to remove the zona pellucida. We found that 68.8% (42/61) of zona-free oocytes were fertilized by sperm from Tenr +/+ males and 57.6% (65/113) of zona-free oocytes were fertilized by sperm from Tenr À/À males, suggesting that Tenr À/À mutant sperm are defective in fertilization steps preceding membrane fusion.
Tenr mutants do not appear to have a defect in translational control
To determine whether mutation of the Tenr gene causes loss of translational control, we examined the expression pattern of PRM2, glyceraldehyde 3-phosphate dehydrogenase (GAPD-S), and outer dense fiber protein 2 (ODF2). GAPD-S is a testis-specific form of GAPD that plays a role in the regulation of energy production for sperm motility (Fraser and Quinn, 1981; Jones, 1978; Mohri et al., 1975) . ODF2 is one of three outer dense fiber proteins that assemble as nine fibers surrounding the axoneme of the sperm tail (Kierszenbaum and Tres, 1975) . All of these proteins have been shown to be under translational control (Balhorn et al., 1984; Bunch et al., 1998) . Immunocytochemical analysis of testis sections from wild-type and Tenr À/À mice showed similar expression patterns, suggesting that the translational regulation of these three genes was not affected (Fig. 5) . To verify that the protamines were properly synthesized and to determine whether the sperm head abnormalities were due to changes in the proteins associated with the sperm DNA, we isolated basic nuclear proteins from sonication-sensitive and sonication-resistant cells isolated from testes. Similar complements of protein were observed in preparations from mice of all genotypes, suggesting that TENR is not involved in protamine synthesis (Fig. 6) .
Discussion
Tenr encodes a dsRNA binding protein that is expressed at high levels specifically in male germ cells and is present in mid-pachytene spermatocytes until mid-round spermatids (Schumacher et al., 1995) . TENR binds to a variety of dsRNA targets in vitro; however, an in vivo target has not yet been identified (Schumacher et al., 1995) . We showed here that TENR is required for spermatogenesis. Its absence causes defects in sperm morphogenesis, primarily those involving the head.
The fertility of male Tenr À/À mice depends on the genetic background on which it is carried. Homozygous mutant males are sterile on 129Sv/J and C57BL/6J back- grounds, but are fertile on a hybrid B6;129 background. This observation indicates that Tenr interacts with at least one unidentified modifier gene. Other genes involved in spermatogenesis that are similarly influenced by genetic background include Sperm1, the transition protein 1 and 2 genes, the desert hedgehog gene, and the gene encoding sperm mitochondria-associated cysteine-rich protein (Adham et al., 2001; Bitgood et al., 1996; Nayernia et al., 2002; Pearse et al., 1997; Shih and Kleene, 1992) . Histological analysis showed increased retention of Tenr À/À spermatozoa in seminiferous tubules past stage VIII, when they are normally released. It is possible that the sperm most severely affected by the disruption of Tenr are retained and phagocytosed by Sertoli cells, which could account for the decreased number of sperm produced by Tenr À/À mice. A similar retention phenotype is seen in other mutants that affect sperm morphogenesis, and may indicate a quality control checkpoint that prevents the release of severely affected sperm (Zhong et al., 1999) .
Sperm isolated from the cauda epididymis of Tenr À/À males also had decreased motility. The decrease in motility was not limited to sperm with abnormal head morphology, as sperm with normal morphology showed a decrease in motility as well. The decreased motility most likely reduces the number of sperm reaching the oviduct, but it is also likely that it affects the ability of the sperm to penetrate the zona pellucida. Sperm from Tenr homozygotes were able to bind but not fertilize zona-intact oocytes. The ability of mutant sperm to fertilize oocytes lacking a zona pellucida suggests that at least some sperm are capable of membrane fusion and syngamy. Tenr mutant sperm have abnormal head morphology, decreased motility, and an inability to penetrate the zona pellucida. Alterations in the timing of the synthesis of proteins involved in these processes could be responsible for the phenotypes. In particular, alterations in the timing of protamine synthesis or the total amount of the protamines synthesized could affect sperm head shape. However, we found that neither the timing of protamine synthesis nor the relative ratios of the other basic nuclear proteins synthesized were affected in the mutant. Similarly, we also found that the expression profiles of GAPD-S and ODF2, which are normally under translational control, were not affected in the mutant. These findings lead us to conclude that the Tenr mutant phenotype is not due to global deregulation of translational control. However, it is possible that the translation of specific, as yet unidentified, mRNAs is affected in the mutant and is responsible for the phenotype.
The presence of a dsRNA-binding motif in its Nterminus and the ability of the protein to bind RNA in vitro strongly implicate TENR in posttranscriptional regulation (Schumacher et al., 1995) . If TENR was involved in nuclear mRNA processing, RNA stability, or translational control, one might predict changes in the levels of affected RNAs in the mutant. Remarkably, in a preliminary DNA microarray analysis examining the transcript profile of RNA isolated from wild-type and Tenr À/À testes, only the level of the Tenr transcript was significantly different between wild-type and Tenr À/À animals (unpublished). This finding supports the hypothesis that TENR is involved in another form of posttranscriptional control. In addition to a dsRNA-binding motif at its Nterminus, TENR's C-terminus has similarity to the catalytic domain of adenosine deaminases that act on RNA (ADARs) (Hough and Bass, 1997) (Fig. 7) . ADARs edit RNA by converting adenosine to inosine within dsRNA (Bass, 1997) . Editing of RNAs by ADARs can affect splicing, codon sequence content, or even translation control (Bass, 1997) . In the brain, ADARs edit the glutamate receptor subunit mRNAs (Hurst et al., 1995; Rueter et al., 1995) . Within exon 11, ADAR1 converts a CAG glutamine codon into a CIG arginine codon, resulting in an edited receptor that forms ion channels with altered calcium permeability (Lomeli et al., 1994) . The sequence similarity between TENR and ADARs suggests that TENR could function in the testis as an RNA-editing enzyme. However, computer statistical modeling and phylogenetic analysis of the catalytic domains of several putative RNA deaminases predict that the catalytic domain of TENR forms a functional substrate binding site for edited RNA but that it may not have catalytic activity (Mian et al., 1998) . In particular, a Glu residue, predicted to act as a proton shuttle in ADAR1 and ADAR2, is replaced by Val in TENR. Mutation of this conserved site in human ADAR1 decreases deaminase activity (Lai et al., 1995) . The absence of the conserved Glu residue in TENR suggests that it may prevent, rather than promote, editing in spermatogenic cells (Mian et al., 1998) . We have detected adenosine deaminase activity in murine testis extracts (unpublished), and both Adar1 and Adar2, the two main mammalian ADARs, are expressed in the testis (Chen et al., 2000; Melcher et al., 1996) . It is possible that the morphological phenotypes observed in Tenr mutant sperm are a consequence of aberrant editing of selected mRNAs. Current efforts are underway to examine RNA editing in the testes of wild-type and Tenr À/À mice. 
